critical issue of public concern in Korea over the past 20-30 years 4 . The retail price of Korean roasted sesame oil i.e., the oil extracted from roasted Korean sesame seeds is 3-4 times higher than that of oil derived from roasted imported sesame seeds. Roasted sesame oil obtained from imported sesame seeds and deliberately labeled as Korean sesame oils frequently appears in local Korean markets. As a result, this has created the need for accurate analytical methods to distinguish the geographic origins of sesame oil products distributed in Korea.
Sesame oil is rich in linoleic 18:2n-6 and oleic acids 18:1n-9 , which constitute 84 of the total fatty acids 4 . Sesame oil contains 99 unsaturated triacylglycerols, which are comprised of either linoleic or oleic acids or both 5 . Sesame oil has a larger amount of lignans, which are unique phenolic compounds possessing a methyleneAbstract: The aim of this study was to discriminate the geographic origin of Korean, Chinese, and Indian sesame oils distributed in Korea using 1 H NMR spectroscopy in combination with canonical discriminant analysis (CDA).
1 H NMR spectra were obtained from 84 roasted oil samples prepared from 51 Korean, 19 Chinese, and 14 Indian sesame seeds. The integration values of 26 peaks observed in the NMR spectra were determined and normalized on the basis of the peak derived from the terminal CH 3 of the fatty acids (0.7446-1.0445 ppm). The variables selected for the CDA include the integration value of one peak (2.7208-2.8533 ppm) that signifies the CH 2 between two C=C bonds from linoleic acid and the integration values of three peaks (2.9811-3.1151 ppm, 3.5914-3.6819 ppm, and 5.9471-5.9625 ppm) attributed to the protons of sesamolin. The CDA results showed that 80 of the 84 oil samples and five of the six additional commercial sesame oil samples were correctly classified based on their production site. This study demonstrated that 1 major lignan compounds present in roasted sesame oil.
The geographic origin of plant oils can be discriminated by analyzing certain types of constituents in the oils because the oil composition can vary geographically due to various conditions including cultivar, environment, and agronomic practices 7 9 . European researchers found that the geographic origins of virgin olive oils can be discriminated by analyzing different oil constituents, such as triacylglycerol composition 10 12 and stable isotope ratios 13 15 .
In Canonical discriminant analysis CDA is a type of multivariate statistical methods. CDA helps to determine a linear combination of features that best characterizes more than two groups of objects and classifies a new object into one of the groups using the resulting combination, which is called canonical discriminant functions CDFs .
The aim of this study was to discriminate the geographic origins of Korean, Chinese, and Indian sesame oils that are distributed in Korea using 1 H NMR spectroscopy analysis of the oils in combination with CDA.
EXPERIMENTAL PROCEDURES

Roasted sesame oil samples
Samples of Korean white sesame seeds n 51 were collected from 36 different sites in Korea during the 2010 and 2011 harvests. Samples of Chinese white sesame seeds n 19 and Indian white sesame seeds n 14 , which were imported by the Korea Agro-Fisheries Trade Corporation between 2010-2011, were obtained from local grocery stores in Korea. These 84 samples of sesame seeds were the same as those used in our previous published study 4 .
The sesame seeds were roasted in a drum roaster model THDR-01, Taehwan Automation Industry Co., Seoul, Korea at 200 for 30 min, and the oil was then extracted from the roasted seeds using an oil press model Oil Love, National ENG Co., Goyang, Korea . The extracted oil was centrifuged at 9,600 g for 10 min to remove precipitated impurities and was completely dried under nitrogen gas. The 84 samples of roasted sesame oils were analyzed to select variables that best discriminate the geographic origin of the oil samples for the CDA. Samples of commercial Korean roasted sesame oils n 2 and commercial Chinese roasted sesame oils n 4 were manufactured from 2010-2011 and were provided by six Korean food companies. These six samples of commercial sesame oils were used to examine whether their geographic origin could be correctly discriminated using the CDFs derived from the CDA.
2.2
1 H NMR analysis Each oil sample 100 μL was dissolved in 600 μL of deuterated chloroform 99.8 atom D, containing 0.03 v/v tetramethylsilane TMS obtained from Sigma-Aldrich St. Louis, MO, USA and then placed in a 5-mm NMR tube Wilmad-Lab Glass, Buena, NJ, USA . TMS was used as an internal reference for the chemical shifts. All 1 H NMR spectra were measured using a 600-MHz NMR spectrometer VNS-600, Varian Inc., Palo Alto, CA, USA without spinning the sample tube, and 64 scans were averaged with an interscan delay of 15 second for the quantitative analyses. The phase and baseline corrections of the acquired 1 H NMR spectra as well as the quantitative analyses were carried out using MNova NMR software from MestReNova Mestrelab Research, Santiago de Compostela, Spain . The integration value of each peak was determined and normalized based on the value of the signals 0.7446-1.0445 ppm from the terminal methyl protons of fatty acids in order to avoid dilution effects depending on the samples.
Statistical analysis
All statistical analyses were conducted using IBM SPSS Statistics version 20 software SPSS Inc., Chicago, IL, USA . The differences among the Korean, Chinese, and Indian sesame oil samples were determined using one-way analysis of variance ANOVA . When the ANOVA F-value was significant, the differences between the means were determined using Duncan s multiple-range test p 0.05 . CDA was performed with stepwise selection of the variables that effectively discriminated the Korean, Chinese, and Indian sesame oil samples.
RESULTS AND DISCUSSION
H NMR Spectra Figure 1 shows a typical 1 H NMR spectrum of a sesame oil sample acquired in the present study. The spectrum was composed of 26 major peaks that have been previously assigned 18 20 . Table 1 provides the chemical shift ranges of the 26 peaks of the sesame oils and their assignments. Eleven peaks i.e., peak nos. 1-7, 13, 14, 16, and 17 were derived from the protons of the fatty acyl moieties or the glycerol backbone of sesame oil triacylglycerols. The other 15 peaks i.e., peak nos. 8-12, 15, and 18-26 were assigned to the protons of sesamin and sesamolin, which are two major sesame lignans, as shown in Fig. 2 . The carbon numbering system used in the present study is also shown in the figure. Particularly, peak no. 7 signifies a methylene group between two C C double bonds in linoleic acid, whereas peak nos. 8, 10, and 20 were attributed to the H1, H4, and H5 protons from sesamolin, respectively. we demonstrated that Korean sesame oils 292.3 g/100 g contain more sesamolin than Chinese sesame oils 136.7 g/100 g and Indian sesame oils 211.9 g/100 g .
Discrimination of Korean, Chinese, and Indian sesame oils
The geographic origins of the sesame oils were determined using the integration values of the peaks of the 1 H NMR spectra in combination with CDA. The CDA was performed with separate-groups covariance as the group variance-covariance matrices were not equal Box s M 99.141, Fig. 1 Typical 1 H NMR spectra of sesame oil samples evaluated in the present study. The labeled peaks are assigned in Rest of the aromatic Hs in sesamin and sesamolin sidering three groups and four discriminant variables. The first function explained 81.4 of the variability, and the second function accounted for the remaining variability Fig. 4 . The coefficients of the standardized CDF reflect the contribution of one discriminant variable in the context of the other variables in the function. In the first function, the I20 value standardized coefficient, 1.393 was the most important discriminant variable, followed by the I10 -0.591 , I8 0.203 , and I7 -0.014 values. In the second function, the I10 value -1.028 was the most important, followed by the I7 0.830 , I8 0.644 , and I20 0.074 values. When a total of 84 oil samples were reclassified using the CDFs, 80 of the 84 samples 94.0 were classified to the correct production site Table 2 . In our previous study 4 , 82 of the 84 samples 97.6 were correctly classified into the geographic origin using combined analysis of the fatty acid analyzed by GC and sesame lignan profiles analyzed by HPLC of the oils. However, one of the 51 Korean sesame oil samples was classified incorrectly as Chinese sesame oil, and two of them were misclassified as Indian sesame oil. Figure 4 also shows that the distance between the centroids of the Korean and Indian sesame oils 2.803 was shorter than that of the Korean and Chinese sesame oils 4.579 . The distance between the centroids of Chinese Fig. 2 Carbon numbering in sesamin A and sesamolin B . This figure is cited from our previous paper 17 . and Indian sesame oils was 3.919. These results correspond with our previous findings 4 , in which Korean sesame oil was more effectively discriminated from Chinse sesame oil than from Indian sesame oil. In order to examine the predictive discriminating capability of the established CDFs, the geographic origins of six additional commercial sesame oil samples two Korean and four Chinese products were discriminated using the functions Table 3 . Because the Indian sesame oils were not produced by Korean food companies, they were excluded from the present study. The CDFs classified five of the six commercial samples to their correct production sites. One sample C of the four commercial Chinese sesame oil samples was wrongly classified as Korean sesame oil. This misclassification resulted from the relatively greater I7, I8, I10, and I20 values of sample C compared to those of the other three samples.
CONCLUSIONS
The present study is the first to report that 1 H NMR spectroscopy of sesame oil can be applied to discriminate the geographic origin. Our previous study 4 showed that the geographic origin of Asian sesame oils from Korea, China, and India could be effectively discriminated by combined analyses of the fatty acid and lignan profiles of the oils using chromatography. However, the chromatographic analyses require complicated and time-consuming sample pretreatment steps including the derivatization of fatty acids for the GC analysis and the extraction of sesame 
